Background and objectives Achieving and maintaining optimal fluid status remains a major challenge in hemodialysis therapy. The aim of this interventional study was to assess the feasibility and clinical consequences of active fluid management guided by bioimpedance spectroscopy in chronic hemodialysis patients.
Introduction
Fluid management is central to the treatment of chronic renal failure. Sustained fluid overload damages the cardiovascular system and leads to hypertension and left ventricular hypertrophy (1). Wizemann et al. (2) and Chazot et al. (3) have shown that mortality increases beyond a predialysis fluid overload level of around 2.5 L. Dehydration, however, leads to intradialytic symptoms and cardiac stunning (4) . Controlling fluid status within an optimal range is, therefore, crucial to improve cardiovascular tolerance, quality of life, and survival.
In clinical routine, fluid management is largely based on subjective clinical assessment and the probing for dry weight procedure (5) . Tracking the optimal dry weight, particularly during periods when patients undergo changes in body composition, requires a substantial amount of physician time and skill. New noninvasive bedside tools, such as bioimpedance spectroscopy (BIS), facilitate objective assessment of fluid status. Fluid status can be expressed as pre-or postdialytic fluid overload, but to assess the cardiovascular condition of a patient, the timeaveraged fluid overload (TAFO) seems to better reflect the long-term cardiovascular load (6) .
Recent studies investigating BIS-guided fluid management observed significant improvements in cardiovascular parameters, but each trial used different BIS measurement schedules, targets, and protocols for active fluid management (7) (8) (9) (10) . In addition, none of these trials considered the concept of TAFO as a target for individual fluid management in a representative dialysis population.
This trial is the first trial combining active BISguided fluid management with a TAFO target using weekly bioimpedance measurements in all patients. Furthermore, not only were the long-term targets for each patient provided, but also, weekly recommendations for individual postweight adjustments were presented to the clinician by a graphical fluid balance plan.
It was the aim to (1) demonstrate that, by using an integrated fluid management system, the fluid status was modifiable toward a normovolemic range, (2) show that optimized fluid status could be maintained in the long term, and (3) assess the improvements in cardiovascular parameters associated with fluid status optimization.
Materials and Methods
This study was registered at clinicaltrials.gov (NCT 01492634) on December 7, 2011.
Study Design
Fifty-six clinically stable hemodialysis patients were included in this prospective interventional trial lasting 3 months in two different locations (Centre de Diálisi I Recerca Aplicada Clínic, and the Dialysis Unit in the Hospital Clinic in Barcelona, Spain). It was the aim to normalize the fluid status of all patients within the first month and maintain this status until study end. Ethical approval was granted by the local ethics committee, and all patients gave their written informed consent. The study adhered to the Declaration of Helsinki.
Primary outcome was the intraindividual difference in TAFO between baseline and study end. Secondary outcomes were changes in predialysis fluid overload (FOpre), number of patients in target range, Short-Form (SF-36) Health Survey, brain natriuretic peptide, BP, laboratory parameters, medication, intradialytic events (hypotension or cramps), residual renal function, and hospitalization.
Eligible patients were all CKD-5 patients older than 18 years who underwent three times per week in-center dialysis treatments for at least 6 months before study start. Exclusion criteria were acute or chronic infections, severe diseases (malignant tumors, tuberculosis, etc.), access problems, severe intradialytic BP instabilities in the month before study start, major amputations, or pacemakers. No control group was established, because it would have been unethical not to treat severe FO if detected during the study. All patients underwent standard 4-5 hours of online hemodiafiltration treatments on Fresenius 5008 machines.
Pre-and postdialysis body weights and BPs were collected every treatment. Standard laboratory parameters were determined on a monthly basis. Brain natriuretic peptide and SF-36 quality of life indexes were assessed at baseline and study end. Intradialytic symptoms were noted in each treatment and classified as hypotension, cramps, or other.
Measurement of FO
FO in terms of excess extracellular water was measured weekly in each patient using a BIS device (Body Composition Monitor [BCM]; Fresenius Medical Care, Germany). In addition, extra-and intracellular volumes and body composition (adipose and lean tissue mass) were determined with the same device. Patients were measured before dialysis in a semirecumbent position in their dialysis chair with at least 2 minutes of equilibration time before the measurement. Details about the technique and validation have been published elsewhere (11) (12) (13) . None of the patients had been measured with the BCM for at least 6 months before study start. FO was measured predialysis in all patients between Monday and Thursday each week using five BCM devices (Supplemental Appendix, section 1). To increase the number of samples, FO was additionally estimated for each of the other two treatment days of the week by using differences in predialysis body weight (preweight) according to Equation 1 (subscripts BCM and BCM_day indicate real measurements and the days on which they were performed):
This approach assumes that treatment-to-treatment changes in preweight over a few days reflect mainly changes in FO and that body composition remains stable within this short time period. Postdialysis FO was calculated by subtracting ultrafiltration volume from the predialysis measurement.
Definition of TAFO
Fluid status in patients on intermittent ultrafiltration therapy is time-dependent, being lowest just after dialysis and reaching a maximum before the next dialysis session. In addition, fluid status is usually higher after the long interdialytic interval. To make different measurements of fluid status during the week comparable, the concept of weekly TAFO was introduced. It represents the average cardiovascular fluid load over 1 complete week, assuming linear fluid accumulation in the interdialytic period ( Figure  1 ). It is defined as the average between all three FOpre and postdialysis FO (FOpost) values of the week (Equation 2):
Note that TAFO combines a weekly BCM measurement with the patients' weights on 3 dialysis days.
TAFO Target Range
To achieve optimal fluid status, it was the aim to guide all patients to a TAFO of 0.5 L. This target was chosen for representing the median TAFO of .17,000 patients from Fresenius Nephrocare centers in 18 different countries (Supplemental Appendix, section 2). Additionally, a range of 60.75 L around the target TAFO of 0.5 L was introduced to avoid a large number of unnecessary small postweight adjustments.
Postweight Adjustment Protocol
At the end of each week, the postweight targets for the next week were calculated according to the following rules: To take into account differences in body size, these adjustment steps were further normalized to a 65-kg patient (e.g., a 130-kg patient would have two times the reduction steps in kilograms) (Supplemental Appendix, section 3).
Graphical Fluid Management Plan
To assist fluid management, a graphical fluid status overview of all patients (Supplemental Appendix, section 4) was produced every week to allow easy identification of critical patients. In addition, a fluid management plan (Supplemental Appendix, section 5) was provided weekly for each patient, displaying 3-month trends in fluid status, preweight/postweight, BP, and hemoglobin (measured by the Fresenius Blood Volume Monitor to detect severe hemoconcentration during postweight reduction). To better reflect clinical routine, the TAFO target range was translated into a postweight target range by subtracting one half of the patient's typical intradialytic weight loss from the TAFO target (by definition, TAFO is halfway between the preweight and postweight). It was the aim to bring the patient's postweight into the postweight target range. The fluid management plan also included postweight proposals in kilograms, which were calculated according to the predefined rules and requested to be reached by the end of the following week. The specific day-to-day steps to reach the new target were managed at the clinician's discretion. Supplemental Appendix, section 6 and Supplemental Figure 6 show four individual examples of fluid management plans and give some explanation on how these patients were treated.
Statistical Analyses
Data were reported as mean 6 SD or median (minimum, maximum) if not normally distributed. Intervention effects were evaluated using a paired t test or a rank-sum test if normal distribution could not be assumed. For comparison of SDs, a statistical test using Fisher's transformation on correlation coefficients was applied. Correlations were calculated according to Pearson. Slopes were determined by linear regression analysis. All statistical analyses were performed using SAS V9.2 and MATLAB R2012a.
Results

Patients and Treatment
Of 56 patients who were enrolled in the study (44 patients from Centre de Diálisi I Recerca Aplicada Clínic and 12 patients from the Hospital Clinic), 54 patients completed the whole study period. One patient died 3 weeks before study end for nonstudy-related reasons (this patient was included in the analysis using the intention-to-treat principle). Another patient who changed to a different center after 3 weeks was excluded from analysis, because only baseline data were available; therefore, analysis was based on 55 patients (study flow diagram is shown in Figure 2 ). A total of 10 nonfatal adverse events was recorded, of which 7 events led to hospitalization. Three events were related to study procedures (two events of postdialytic hypotension and one event of dyspnea/edema). All nonfatal events were completely resolved. At baseline and study end, 5 of 110 BCM measurements were excluded because of bad data quality (criterion was a .20% step in intracellular water from 1 week to the next) and replaced by results from the previous/following week. Patient characteristics are reported in Table 1 .
Primary Outcomes
TAFO in the complete population decreased by 0.2861.14 L (P=0.08). Patients were stratified into three subgroups according to their baseline fluid status in respect to the TAFO target range. The underhydrated group was defined by TAFO,20.25 L, the normovolemic group was defined by TAFO between 20.25 and +1.25 L, and the overloaded group was defined by TAFO.1.25 L. At baseline, 17 (31%) patients were found to be fluid-overloaded, 26 (47%) patients were normovolemic, and 12 (22%) patients were dehydrated. TAFO decreased by 1.2061.32 L (P,0.01) in the fluid-overloaded group, remained unchanged in the normovolemic group (P=0.59), and increased by 0.5960.76 L (P=0.02) in the dehydrated group.
Secondary Outcomes
The changes in fluid status, BP, and other parameters are summarized in Table 2 .
The weekly fluid status variability (6SD) decreased continuously from baseline (61.6 L) until week 7 (61.1 L) and remained at this level until study end, except for a slight increase over the Christmas holiday period (Supplemental Appendix, section 6). The change in SD from 61.64 L at baseline to 61.10 L at study end was significant (P,0.001) (Figure 3 ). Of 12 baseline dehydrated subjects, 5 subjects were on target at study end, and 7 subjects remained dehydrated (but closer to the target by 0.260.6 L). Of 17 baseline overloaded patients, 4 patients were on target at study end, 1 patient was dehydrated, and 12 patients remained in the overloaded range (but closer to target by 0.861.2 L). At study end, 42 of 55 (76%) patients were either on target or at least closer to target compared with baseline.
Systolic BP (BPsys) changes between baseline and study end were significantly correlated with changes in TAFO (r=0.55, P,0.001, slope=9.9 mmHg/L, 95% confidence interval for slope=5.7 to 14.0 mmHg/L) (Figure 4) , FOpre (r=0.54, P,0.001, slope=8.8 mmHg/L), extracellular water (ECW; r=0.49, P,0.001, slope=6.6 mmHg/L), preweight (r=0.41, P,0.01, slope=3.8 mmHg/kg), and postweight (r=0.40, P,0.01, slope=3.6 mmHg/kg) but not intracellular water (P=0.87) or intradialytic weight loss (P=0.82).
Fifteen patients had intradialytic symptoms in the baseline week (one patient with cramps, nine patients with hypotensive episodes, and nine patients with other symptoms). Fourteen patients had intradialytic symptoms in the last study week (two patients with cramps, seven patients with hypotensive episodes, and six patients with other symptoms). The number of patients with intradialytic symptoms increased from three to six in the overloaded group and decreased from five to four in the dehydrated group, but these symptom rates were not significantly different at a level of P,0.05. If a patient presented symptoms before reaching the target range, additional information (e.g., from blood volume monitoring) was used to assess whether the clinical picture supported the BCM recommendation. In this case, effort was undertaken to convince the patient to further adjust the dry weight. If symptoms persisted in two or three consecutive treatments, postweight was not further changed. More details on the occurrence of symptoms are provided in Supplemental Appendix, section 8.
No significant change in SF-36 quality of life indexes was found, except for a potential improvement in mental health from 64624 to 74619 (P=0.06) in patients from the overloaded group. Iron dose changed in 9 patients (baseline=75 mg/wk), dose of erythropoietin-stimulating agents changed in 21 patients, and dose of antihypertensive drugs changed in 2 patients throughout the study.
Discussion
In this study, we had several findings, seven of which are reported here. (1) It was possible to improve fluid status in fluid-overloaded and dehydrated patients according to Results are provided as mean 6 SD or median (minimum-maximum) if data were not normally distributed. All P BIS has been identified as a promising technology to provide an objective target for dry weight prescription (4), and an ever-growing number of measurements is being performed every month. However, no common standard has been established yet on how to include BIS-based FO measurements into clinical decision-making. Therefore, wide variations of fluid status are present throughout centers. It has been shown that mortality increases significantly above an FO level of 2.5 L (2). Investigating the prevalence of FO, data from 1500 chronic hemodialysis patients in 22 European centers revealed that more than 25% of all patients are fluid-overloaded by more than 2.5 L before dialysis and that about 5% of patients are dehydrated. These results suggest that a large proportion of patients could benefit from properly assisted fluid management.
Trials on bioimpedance-guided fluid management have observed improvements in BP control and other cardiovascular parameters (7) (8) (9) . However, the important question of the most appropriate/optimal target for fluid management remains under debate. The novelty of this study is its use of the concept of average weekly TAFO, which has many practical advantages over FOpre or FOpost thresholds. It takes into account differences in weight gain, makes fluid status comparable in different treatment modalities, like normal hemodialysis, short daily dialysis, nocturnal hemodialysis, peritoneal dialysis, and even nonrenal diseases, and can be determined any day during the week, because the effects of different interdialytic intervals are eliminated. Other than TAFO improving these practical aspects, we hypothesize that TAFO may also be a better prognostic factor than FOpre, because it includes a measure of the long-term cardiovascular fluid load; however, additional study on this issue is required.
A large amount of the TAFO improvements in this study were already achieved after the first month ( Figure 3 ) and maintained until study end. Changes in fluid status were significantly correlated with changes in BP (r=0.55, P,0.001) (Figure 4 ). On average, every 1 L change in TAFO resulted in a 9.9 mmHg change in BPsys. Agarwal et al. (14) found a comparable value of 26.6 mmHg for every 1 kg postweight reduction in the Dry-Weight Reduction in Hypertensive Patients (DRIP) Trial. Interestingly, we found the BP sensitivity to fluid status changes to be much more pronounced in patients who were dehydrated at baseline and whose fluid status was increased compared with overloaded patients whose fluid status was reduced (+23.9 mmHg/L versus 28.0 mmHg/L, respectively). One may speculate that this finding reflects the attenuating effect of antihypertensive medication, which was prescribed in 82% of overloaded patients but only 17% of dehydrated patients.
It is also interesting to note that changes in BPsys were better correlated with changes in FO than any other parameter (e.g., postweight, intradialytic weight loss, or ECW/total body water ratios), suggesting that BIS-derived FO is a better marker of fluid status than traditionally used surrogates, presumably because it is, by design, independent of body composition changes.
In the study by Machek et al. (7) on BIS-guided fluid status optimization, patients were defined as hyperhydrated if their relative FOpre/ECW was greater than 15%. The overloaded patients in the study were younger (60 versus 65 years), but average TAFO (3.0 L and 2.8 L, Machek et al. and this study, respectively) and BPsys (153 mmHg and 150 mmHg, Machek et al. and this study, respectively) at baseline were comparable. It was the target of the study by Machek et al. to get all patients below a relative FOpre of 15%. After 6 months, the hyperhydrated patients in the study by Machek and colleagues reached a TAFO of 1.0 L (BPsys: 139 mmHg), and after 12 months, the hyperhydrated patients in that study reached a TAFO of 0.7 L (BPsys: 128 mmHg). In this study, we achieved a TAFO of 1.6 L after 3 months (BPsys: 139 mmHg), indicating that additional time may have led to further but slower decreases in FO and BP. The patients in the study by Machek et al. (7), however, presented an increase in intradialytic weight loss from 2.6% to 3.8% of body weight, which we did not observe (3.5% to 3.2%), suggesting that some of his patients may have become too dry after dialysis and thirst increased.
Hur et al. (10) were able to show an improvement in left ventricular mass index and vascular stiffness in a randomized controlled trial on BIS-guided fluid management. Average TAFO in the intervention group was already very low at baseline (0.3 L) and further decreased to 20.2 L after 12 months, representing a fluid status even slightly lower than the fluid status of healthy subjects. Average age in the study cohort was only 51.6 years, and only 17% of patients suffered from diabetes. These results may explain patients' tolerance to such a low fluid status without increasing intradialytic symptoms, but it is doubtful if these results can be achieved in a typically much older and more comorbid average dialysis population. Furthermore, patients may have become too volume-depleted postdialysis as residual urine volume decreased significantly from 377 to 71 ml/d, and percentage of anuric patients increased from 79% to 90% in the intervention group.
An important aspect in fluid management other than survival improvement is to maintain or even increase patients' quality of life. We found no significant changes in SF-36 quality of life parameters, except for a potential improvement in mental health in the overloaded patient group (P=0.06). The latter is interesting in the light of a recent publication reporting an improvement in mental wellbeing after patients switched from conventional hemodialysis to short daily or nocturnal dialysis (15) , which may be linked to better volume control in daily dialysis.
Lowering dry weight in dialysis patients can lead to intradialytic complications (14) . We did not observe a significant change in intradialytic symptoms (apart from a potential increase of symptoms in the middle of the study) (Supplemental Table 1 ) as reported in the study by Machek et al. (7) after they increased fluid status in dehydrated subjects, but the tendency that the number of symptoms was related to fluid status was the same. In this respect, it will be interesting to see the results of an ongoing trial by Hecking et al. (16) on blood volume-regulated ultrafiltration in fluidoverloaded patients, in which they investigate whether the combination of intradialytic blood volume monitoring and a BIS-derived fluid status target can improve hemodynamic stability during hemodialysis.
Residual function may have improved in the dehydrated group, which was indicated by a decrease in average weight gain by 400 ml (from 2.7 to 2.3 L) over the study, even if we cannot exclude that this result may have occurred by chance (P=0.07). In fact, one dehydrated patient gradually increased residual function from 500 to 1600 ml/d after his fluid status was normalized. However, another explanation for an improvement in weight gain may be that some patients were so dehydrated after dialysis that they fell below a thirst threshold and had to drink more. After optimizing their fluid status, thirst may have disappeared, normalizing weight gain.
Using one common target for all patients is certainly an oversimplification. It was foreseeable that not all patients would be able to achieve normovolemia because of various comorbid conditions. In fact, 9 of 55 patients could not be brought into the target range for clinical reasons (Supplemental Figure 6 , example d). Increasing treatment time, additional treatments, nutritional support, and smaller postweight reduction steps may have been beneficial for these patients, but additional investigations were outside the scope of this study. We do not believe that using online hemodiafiltration had an effect on the fluid status achieved and would expect to see the same results with standard hemodialysis.
Among all dehydrated patients, six patients were not willing to increase their postweight, although the BCM clearly indicated dehydration and regular hypotension occurred. A possible explanation is that some patients try to lose weight for either personal reasons or improved chance of transplantation. The group of baseline dehydrated patients was found to have much higher body mass index, preweight, and adipose tissue mass than the other groups, supporting the hypothesis that dehydration was driven by motivation to lose weight. In other patients, the use of an objective device to measure fluid status clearly improved compliance, and changes to dry weight were much better accepted.
There were limitations to this study. Patients were not randomized into control and intervention groups, because it seemed unethical not to treat severe over-or underhydration after being detected by BIS. Furthermore, there is no clinical evidence yet that using the new TAFO concept improves survival or hospitalization rates. However, most patients who achieve the TAFO target at the same time obtain a FOpre of less than 2.5 L, for which a survival benefit has been shown (2) . Future studies adopting the TAFO concept should be designed to show improvements in survival and hospitalization rates and aim at identifying common characteristics of patients who cannot reach the normovolemic target for clinical reasons.
